Aims/hypothesis To investigate clinical and sociodemographic predictors of birthweight in singletons born to women with type 1 or type 2 diabetes. Methods Normally formed singleton live births and intrapartum stillbirths, born to women with pre-conception diabetes during 1996-2008, were identified from the population-based Northern Diabetes in Pregnancy Survey (n01,505). Associations between potential predictors and birthweight were analysed by multiple regression. Results Potentially modifiable independent predictors of increase in birthweight were pre-pregnancy care (adjusted regression coefficient [b]087.1 g; 95% CI 12.9, 161.3), increasing third-trimester HbA 1c ≤7% (53 mmol/mol) (b0310.5 g per 1% [11 mmol/mol]; 95% CI 246.3, 374.7) and increasing maternal BMI (b09.5 g per 1 kg/m 2 ; 95% CI 3.5, 15.5). Smoking during pregnancy (b0−145.1 g; 95% CI −231.4, −58.8), later gestation at first antenatal visit (b0−15.0 g; 95% CI −26.9, −3.0) and higher peri-conception HbA 1c (b0−48.2 g; 95% CI −68.8, −27.6) were independently associated with birthweight reduction. Pre-pregnancy nephropathy (b 0−282.7 g; 95% CI −461.8, −103.6) and retinopathy (b0−175.5 g; 95% CI −269.9, −81.0) were independent non-modifiable predictors of reduced birthweight, while greater maternal height was a non-modifiable predictor of increasing birthweight (b017.8 g; 95% CI 12.3, 23.2). Other predictors of birthweight increase were male sex, multiparity and increasing gestational age at delivery. Type or duration of diabetes, socioeconomic status and ethnicity were not associated with continuous birthweight. Conclusions/interpretation Poor glycaemic control before and throughout pregnancy is associated with abnormal fetal growth, with increasing peri-conception HbA 1c predicting weight reduction and increasing third-trimester HbA 1c predicting increased birthweight. Women with microvascular complications of diabetes may require increased surveillance to detect fetal growth restriction.
Introduction
Women with type 1 and type 2 diabetes have a much higher risk of serious adverse pregnancy outcomes, such as stillbirth, major congenital anomalies, neonatal morbidity and mortality [1] [2] [3] [4] . Maternal diabetes is also associated with a higher risk of aberrant fetal growth. About 50% of infants born to mothers with pre-conception diabetes are reported to be macrosomic or large for gestational age (LGA), although there is overlap in the definition of both of these terms (usually defined as birthweight >90th centile for gestational age) [5] [6] [7] [8] . Small for gestational age (SGA) is less often associated with maternal diabetes per se, but has been reported in association with severe vascular complications [9, 10] and can result in higher neonatal morbidity and mortality. Both birthweight extremes in offspring of mothers with diabetes are associated with a higher risk of complications during the pregnancy, labour and neonatal period [2, 11] as well as with a potential increase in diseases in childhood and adulthood, including obesity, cardiovascular disease, diabetes and metabolic syndrome [12] [13] [14] [15] .
The increased risk of an LGA birth in women with diabetes is thought to be associated with poor glycaemic control, usually estimated by concentration of HbA 1c before or during pregnancy [5, 11, 16, 17] . However, the evidence and the direction of the association, particularly in relation to pre-and post-conception glycaemic control, is inconsistent. Penney et al, for example, found a negative association between pre-conception HbA 1c and standardised birthweight, but no associations at any trimester of pregnancy [16] . In contrast, Evers et al reported a positive association between risk of macrosomia and third-trimester HbA 1c [5] .
Less is known about the association between gestational glycaemic control and the risk of an SGA birth, and which windows of exposure are most important for increased risk of abnormal birthweight. Moreover, the extent to which other potential determinants of birthweight may modify the effect of glycaemia on fetal growth in women with diabetes has not been extensively investigated in population-based studies.
The aim of this study was to investigate the influence of sociodemographic and clinical factors, including periconception and antenatal HbA 1c , on birthweight in normally formed singleton infants born to women with type 1 and type 2 diabetes, using the population-based Northern Diabetes in Pregnancy Survey (NorDIP).
Methods
Study population The North of England (UK) is a geographically distinct area with a population of around 3 million and 31,000 births per year. NorDIP collects details of all known pregnancies occurring in the region, irrespective of outcome, in women diagnosed with diabetes at least 6 months before the index pregnancy [18] . All maternity units within the region participate in the survey. Coordinators in each unit notify the survey of relevant pregnancies, and data collection is undertaken by unit clinicians. Pregnancies in women with gestational diabetes (i.e. hyperglycaemia first diagnosed during pregnancy) are not included. Various demographic and clinical variables are collected, including preconception and antenatal HbA 1c (DCCT aligned since 2000) .
This analysis included all normally formed singleton live births and intrapartum stillbirths born in the region between 01 January 1996 and 31 December 2008. Pregnancies resulting in antepartum stillbirth (n038), identified from the Northern Perinatal Morbidity and Mortality Survey (PMMS) [19] , and/or complicated by major congenital anomaly (n0129), identified from the Northern Congenital Abnormality Survey (NorCAS) [20] , were excluded due to the known predominance of growth-retarded fetuses in these groups. All three databases are linked into a coordinated database in the Regional Maternity Survey Office (RMSO) (www.rmso.org.uk). The total number of registered singleton live and stillbirths for the North of England was obtained from the UK Office for National Statistics.
Definitions and statistical analysis All NorDIP clinical and sociodemographic variables with a hypothesised influence on birthweight were examined: diabetes type, fetal sex, prepregnancy folate supplement usage, pre-pregnancy care, smoking during pregnancy, history of clinically diagnosed pre-pregnancy nephropathy, neuropathy or retinopathy, parity (primiparous vs multiparous) and maternal ethnicity (white vs non-white) were analysed as dichotomous variables. Macrosomia was defined as a birthweight of ≥4,000 g and low birthweight was defined as a birthweight of <2,500 g. Socioeconomic status was estimated from the Index of Multiple Deprivation (a UK area-based measure, derived from a mother's residential postcode at delivery) and analysed in tertiles of rank [21] . Duration of diabetes, maternal age at delivery, maternal BMI at first antenatal visit, maternal height, gestational age at first antenatal visit and at delivery (based on reported estimated date of delivery calculated for the majority of women using ultrasound scan at 10-13 weeks' gestation, or date of the last menstrual period [LMP] , if no scan dating was available) and mean maternal HbA 1c at three time points (peri-conception, second trimester and third trimester) were analysed as continuous variables. Peri-conception HbA 1c was calculated as the closest measurement within 3 months before the date of the LMP (available for 49.5% of pregnancies) or mean firsttrimester measurement (up to 14 weeks gestation) (valid 83.3%) for women with no pre-conception measure recorded. Peri-conception HbA 1c (valid 86.7%) was chosen as a reasonable surrogate of pre-conception HbA 1c , as first-trimester HbA 1c was highly correlated with pre-conception HbA 1c (Spearman correlation coefficient 0.75). The independent effects of pre-conception HbA 1c and first-trimester HbA 1c were, nevertheless, also examined in a sensitivity analysis on a subsample of participants with both measures.
The association between each variable and birthweight, as a continuous variable, was examined by multiple linear regression. The summary influence of each variable was estimated by constructing a series of simple models that included the variable of interest, alongside sex, parity and gestational age. The independent influence of each variable was estimated in a fully adjusted model, constructed using a backwards stepwise approach. Gestational age (centred to reduce collinearity) was modelled as a three-term polynomial, i.e. b 1 (gestational age − x)+b 2 (gestational age − x) 2 + b 3 (gestational age − x) 3 (see electronic supplementary material [ESM] Fig. 1 ). The shape of the association between each HbA 1c variable and birthweight was explored by locally weighted scatterplot smoothing (LOWESS) and fitting fractional polynomials. As a nonlinear association between third-trimester HbA 1c and birthweight was observed, it was modelled by piecewise linear regression, with a single knot at 7% (53 mmol/mol) (the choice of location being guided by LOWESS explorations), which divided the regression into two parts, ≤7% (53 mmol/mol) (61.7% of participants) and >7% (53 mmol/mol, 38.3%). The presence of heteroscedasticity was evaluated using the Cook-Weisberg test [22] and, when present, the Huber/White estimator [23] was used (further details in ESM Methods). The proportion of variation directly explained by each variable was estimated from the change in the coefficient of determination (ΔR 2 ) resulting from removing that variable from the adjusted model.
Separate analyses were performed to examine predictors of LGA and SGA births; LGA (birthweight ≥90th percentile) and SGA (<10th percentile) categories were created based on birthweight standardised for fetal sex, parity and gestational age using Scottish birth population standards [24] . ORs and associated 95% CIs for LGA and SGA were estimated for various predictors using multiple logistic regression; adjusted effects were estimated using a backwards stepwise approach. The probability of LGA for specific values of third-trimester HbA 1c was estimated by taking marginal values of the adjusted model; corresponding 95% CIs were obtained using the delta method.
Potential interactions between the HbA 1c variables and all other variables in each adjusted model were examined by the inclusion of cross-product terms.
SPSS for Windows 17.0 (IBM Corporation, NY, USA) was used for most of the statistical analyses. Confidence intervals for ΔR 2 were approximated by bootstrapping on 10,000 repeated samples, drawn with replacement, using Stata 11.1 (Statacorp, College Station, TX, USA). p<0.05 was considered statistically significant.
Ethics approval and research governance Newcastle Research Ethics Committee originally granted approval for NorDIP in 1993, and data are now obtained and held with informed consent.
Results
Of 389,789 singleton pregnancies resulting in non-malformed stillbirths and live births recorded during 1996-2008, 1,502 were singleton live births and three were intrapartum stillbirths in women with type 1 and type 2 diabetes; 1,495 of these were used for this analysis (10 cases had missing birthweight data).
Descriptive statistics for the study sample are shown in Tables 1 and 2 . The median birthweight for offspring of women with diabetes was 3,450 g (interquartile range [IQR]02,990-3,918), and the median gestational age was 37.0 weeks (IQR036-38). The proportion of macrosomia was significantly higher in offspring of women with diabetes compared with the North of England background population (22.4% vs 12.1%, RR 1.9, 95% CI 1.7, 2.0) as was the proportion of low birthweight (10.7 vs 5.8%, RR 1.8, 95% CI 1.6, 2.1) (not shown in Tables 1 and 2 ). There were 50. 4% LGA babies born to women with type 1 diabetes compared with 43.7% (p0 0.04) to women with type 2 diabetes (22% in our population). Table 3 shows that increasing peri-conception HbA 1c (p< 0.0001), later gestation at first antenatal visit (p00.01), increasing maternal age (p00.0001), pre-pregnancy retinopathy (p00.0003), pre-pregnancy nephropathy (p00.002) and smoking during pregnancy (p00.001) were all independently associated with lower birthweight. Conversely, increasing third-trimester HbA 1c for values ≤7% (53 mmol/ mol) (p<0.0001), increasing maternal BMI (p00.002), prepregnancy care (p00.02), increasing maternal height (p< 0.0001), male sex (p00.0007) and multiparity (p<0.0001) were independently associated with higher birthweight. Type or duration of diabetes, non-white ethnicity, pre-pregnancy neuropathy, second trimester HbA 1c , third-trimester HbA 1c for values >7% (53 mmol/mol), and area-based deprivation were not associated with birthweight after adjustment for other test variables.
The model explained 46.9% (95% CI 40.5, 51.4) of the variation in birthweight. Third-trimester HbA 1c explained 5.6% (95% CI 3.7, 7.8) of the variation, six times the contribution of peri-conception HbA 1c (ΔR 2 00.9% [95% CI 0.3, 2.0]). The remaining potentially modifiable factors each explained 0.3-0.6% of the variation (Table 3 , Fig. 1 ). The strongest predictor of birthweight was gestational age (as a cubic term), explaining 28.0% (95% CI 23.1, 33.8) of the total variation. Each of other non-modifiable factors (e.g. maternal height and age, parity, pre-pregnancy microvascular complications) explained between 0.2% and 2.4% of the variation in birthweight. For offspring of women with diabetes, 81.8% were at or above the median weight of the reference population (≥50th percentile), 49.0% were LGA and 3.0% were SGA. Table 4 shows that increasing third-trimester HbA 1c for values ≤7% (53 mmol/mol) (p<0.0001) and increasing maternal height (p<0.0001) were independently associated with increased odds of LGA, while increasing peri-conception HbA 1c (p0 0.002), later gestation at first antenatal visit (p00.005), prepregnancy retinopathy (p00.0004), non-white ethnicity (p0 0.03) and smoking during pregnancy (p00.0001) were associated with reduced odds of LGA. Table 5 shows that with the increase in third-trimester HbA 1c from 5.5% (36.6 mmol/mol) to 7.0% (53.0 mmol/mol), the modelled LGA rate increased sharply from 27.1% (95% CI 22.0, 32.2) to 64.1% (95% CI 59.1, 69.0), respectively, with negligible increase thereafter.
Later gestation at first antenatal visit (p00.01) and prepregnancy nephropathy (p00.003) were associated with higher odds of an SGA birth, while increasing maternal height (p00.01) and increasing third-trimester HbA 1c for values ≤7% (53 mmol/mol) (p00.03) were associated with lower odds of an SGA birth (Table 4) .
A sensitivity analysis found that most of the effect of peri-conception HbA 1c on birthweight was attributed to preconception HbA 1c (ESM Table 1 
, ESM Results 2).

Discussion
This large population-based cohort study describes the association between clinical and sociodemographic factors and birthweight in normally formed singletons born to women with pre-conception diabetes. The study demonstrates a complex association between glycaemia and birthweight; this relationship changed during pregnancy, such that increasing peri-conception HbA 1c was associated with a reduction in birthweight, while increasing third-trimester HbA 1c for values ≤7% (53 mmol/mol) was associated with an increase in birthweight. In addition to confirming that known determinants of birthweight in the general population (smoking during pregnancy, maternal height and BMI, parity) also apply to women with diabetes, we identified several additional specific predictors such as HbA 1c concentrations and microvascular complications. Among the potentially modifiable predictors of birthweight, peri-conception and third-trimester HbA 1c were the most important, while gestational age was the strongest birthweight predictor overall.
This study comprises one of the largest cohorts exploring the association between glycaemia at different stages of pregnancy in women with type 1 or type 2 diabetes and birthweight using data from a population-based survey, NorDIP, and is the only investigation to date to include such a comprehensive range of other clinical and sociodemographic explanatory variables. We also used data from two other linked regional surveys, NorCAS and PMMS, which allowed us to create a complete dataset of normally formed singleton pregnancies in women with diabetes. By excluding pregnancies affected by a major congenital anomaly (over 7% in this population [3] ) and antepartum stillbirths, known to be associated with low birthweight, we avoided a potential bias of over-representation of SGA fetuses, which other similar studies might not have. The birthweight distribution of the North of England birth population, both overall and among women with diabetes, is almost identical to the equivalent distribution in England and Wales [8] (ESM Fig. 2) . Our results are therefore generalisable to the national population and are likely to be relevant to similar populations in other industrialised countries.
We analysed birthweight as both a continuous measure and the commonly used and clinically meaningful categorical measures LGA and SGA. Analysing LGA and SGA birthweights exclusively may have increased the risk of type II errors, due to reduced statistical power; however, including these alongside the continuous analyses allows for a more complete comparison with previous literature. As some researchers recommend using customised centiles to identify LGA and SGA births, we performed additional analyses using this approach but, because this further reduced the number of available participants and did not materially alter the results, these data are not shown.
Our measure of glycaemia was limited to HbA 1c ; this has excellent validity as an estimate of average blood glucose but does not provide information on glycaemic excursions, which may be an important driver for macrosomia [17, 25, 26] . Moreover, we did not have 100% completeness for peri-conception and trimester-specific HbA 1c measurements. We used a composite measure of peri-conception HbA 1c as a proxy for pre-conception HbA 1c , due to the relatively high percentage of participants with missing preconception values. This potentially hinders comparisons with previous studies using pre-conception HbA 1c . However, our sensitivity analysis found that most of the effect of periconception HbA 1c on birthweight was attributed to preconception HbA 1c , suggesting this was a reasonable surrogate measure in our population-based cohort.
We found that about half of births to women with diabetes were LGA, similar to other studies in women with diabetes reporting LGA rates ranging from 45% to 51% for populations of women with both type 1 and type 2 diabetes [7, 8] and from 47% to 62.5% for women with type 1 diabetes [5, 6, 25, 27] .
We found a strong independent association between increasing third-trimester HbA 1c for values ≤7% (53 mmol/ mol) (about 62% of pregnancies) and higher birthweight (and a three-fold increase in LGA risk per 1% [11 mmol/mol] increase in HbA 1c ), but no significant association with HbA 1c >7%. Second-trimester HbA 1c , although being strongly correlated with third-trimester HbA 1c , was a much weaker predictor of increase in birthweight and lost its effect after adjustment for third-trimester HbA 1c . Although earlier studies have not LGA was defined as birthweight ≥90th centile, and SGA as birthweight <10th centile, according to Scottish birthweight standards (by fetal sex, parity and gestational age) [24] HbA 1c was reported to be a significant predictor of LGA birthweight in a cohort of women with type 1, type 2 and gestational diabetes after adjustment for a number of confounders [30] . In a study of pregnancies complicated by gestational diabetes or impaired glucose tolerance, maternal fasting glycaemia during 32-35 weeks was the strongest predictor of accelerated growth in the late third trimester, whereas in the late second and early third trimester and at birth the dominant predictors were previous LGA or maternal obesity [29] . The Hyperglycaemia and Adverse Pregnancy Outcome (HAPO) study reported that mild antenatal maternal hyperglycaemia in women without known diabetes is also associated with an increased risk of LGA [28] . However, a Scottish study did not find a significant correlation between third-trimester HbA 1c and birthweight [16] in women with type 1 diabetes but they did not explore this association in a multivariable model. A Danish study reported a significant association between increased third-trimester HbA 1c and risk of LGA birthweight in women with type 1 diabetes for women with higher BMI (>23 kg/m 2 ) only [27] . Despite a general agreement that maternal late hyperglycaemia causing fetal hyperinsulinaemia is an important determinant of fetal macrosomia, there is some evidence that the contribution of maternal hyperglycaemia to the variance in LGA birthweight is relatively low, and high rates of LGA birthweight are reported despite apparently good glucose control measured by HbA 1c [5, 31, 32] . This may be due to the failure of HbA 1c to indicate variability in glycaemia and time spent at high glucose levels, which may be critically associated with fetal overgrowth [5, 17, 26, 33] . The lack of association with third-trimester HbA 1c >7% (53 mmol/mol) in our study may also reflect the limitations of using HbA 1c to measure hyperglycaemia during pregnancy. Measures of glycaemic variation using newer methods, such as continuous glucose monitoring, may contribute to better understanding of the relationship between b Fully adjusted model was constructed using backwards stepwise regression. All variables were entered into the model, and then non-significant variables were removed iteratively (according to decreasing p value) until only those with p<0.1 remained, details of which are shown. The total number of participants with complete data for all variables with p<0.1, and therefore included in the fully adjusted model, was 955 c Total variation explained by all constituent terms hyperglycaemia and fetal macrosomia in the future [32] . In a randomised controlled trial, continuous glucose monitoring during pregnancy was associated with improved HbA 1c levels at 32-36 weeks and a reduced rate of LGA births [17] . Daily glucose monitored during the second and third trimesters was a good predictor of birthweight in term pregnancies with type 1 diabetes; only infants of women with overall daily glucose values of ≤5.27 mmol/l had birthweight comparable with the control group [34] .
The association between pre-conception blood glucose concentration and birthweight has been less studied, in particular with adjustment for covariates, as in our cohort. A Scottish study of 57 pregnancies of women with diabetes reported an increase in pre-conception and early first-trimester total HbA 1c in a group with increased median standardised birthweight compared with the control group, while total HbA 1c during later periods of pregnancy did not differ significantly between the groups [35] . A larger (203 singletons), more recent, Scottish study of women with type 1 diabetes reported a significant negative association between pre-pregnancy HbA 1c and standardised birthweight, consistent with our findings for peri-conception HbA 1c , but found no significant association between HbA 1c and birthweight for any trimester of pregnancy [16] . Evers et al did not find an association with first-trimester HbA 1c in an unadjusted analysis [5] , similar to our unadjusted analysis result for peri-conception HbA 1c . This may be explained by the direct association (of lower birthweight for increasing HbA 1c ) being masked by the indirect association (of higher birthweight for increasing HbA 1c ) acting through correlation with third-trimester HbA 1c . The association between pre-conception and maximal maternal HbA 1c during pregnancy and birthweight z-score was described as curvilinear in a recent study by Rackham et al [36] . However, that study involved pregnancies resulting in stillbirths or neonatal deaths only, and the number of cases was small. We found an association between increasing peri-conception HbA 1c and reduction in birthweight when adjusted for confounders, in particular for ≤7% (≤53 mmol/mol) thirdtrimester HbA 1c . We also identified a significant interaction between peri-conception and third-trimester HbA 1c (≤7%) with the effect of increasing third-trimester HbA 1c being greater among women with low peri-conception HbA 1c than among women with high peri-conception HbA 1c . We speculate that high glucose levels in early pregnancy may harm placental development and thus the capacity for fetal growth, such that the effect of hyperglycaemia in later pregnancy is permanently attenuated. The presence of microvascular disease, in particular in combination with first-trimester hyperglycaemia, can inhibit trophoblast proliferation, thereby reducing placental growth and impairing uteroplacental function, which may result in subsequent intrauterine growth restriction [10, 37] . In our study, microvascular complications (pre-pregnancy retinopathy and/or nephropathy) in women with diabetes were associated with lower birthweight. As there LGA was defined as birthweight ≥90th centile, and SGA as birthweight <10th centile, according to Scottish birthweight standards (by fetal sex, parity and gestational age) [24] b Adjusted model was constructed using backwards stepwise regression. All variables with p<0.5 in the univariate analysis were entered into the model, and then non-significant variables were removed iteratively (according to decreasing p value) until only those with p<0.1 remained, details of which are shown is some evidence that variation in birthweight may be at least partly determined by fetal growth within the first 12 weeks after conception [38] , investigation of the association of periconception hyperglycaemia with early fetal growth is crucial for understanding the mechanisms of growth restriction or overgrowth in pregnancies of women with diabetes. In addition to maternal hyperglycaemia, other factors, such as non-smoking, higher maternal height and BMI, found to be associated with higher birthweight in offspring of women with diabetes by previous studies [27, 30] , were also independent significant predictors of increased birthweight in our study.
The apparently contradictory association between periconception hyperglycaemia and reduced birthweight and between late-pregnancy hyperglycaemia and increased birthweight may be explained by the effects of multiple factors, including maternal diabetes, on fetal growth mechanism during different periods of pregnancy. While in early pregnancy hyperglycaemia may lead to restricted fetal growth via reduction in trophoblast proliferation, later in pregnancy, fetal hyperglycaemia and hyperinsulinaemia lead to increased placental angiogenesis, increased and altered vascular endothelial-like growth factor and chorionic villous branching, which, in turn, lead to placental vascular dysfunction [39] . As a result, infants of mothers with diabetes may have an unhealthy body composition (increased body fat) even if they have appropriate birthweight for gestational age [40] . If hyperglycaemia-related growth in the third trimester is mostly associated with the deposition of adipose tissue, this might partly explain our finding of an increased association between third-trimester HbA 1c and birthweight with increasing maternal BMI.
In conclusion, this study found a varying association between maternal blood glucose concentration and birthweight, with increasing peri-conception HbA 1c being associated with lower birthweight and increasing third-trimester HbA 1c ≤7% (53 mmol/mol) predicting higher birthweight. Peri-conception and third-trimester HbA 1c were the two most important potentially modifiable predictors of birthweight, reinforcing the need for careful glucose control, beginning before conception. While glucose control remains a key focus of pre-conception and antenatal care for women with diabetes, other modifiable risk factors for adverse pregnancy outcome also need to be addressed, such as ensuring that women who smoke are supported to quit. Further, awareness of the potential for poor fetal growth, particularly in women with microvascular disease and sometimes coexisting with apparently normal fetal size, emphasises the need for careful antenatal assessment of fetal well-being. Future studies, using more sensitive measures of both glucose control and fetal growth and body composition, should explore critical windows for the effect of maternal blood glucose concentration on birthweight.
